In previous studies, we measured a greater intraeellular free calcium concentration and net potassium efflux, possibly calcium activated, in lymphocytes from spontaneously hypertensive stroke-prone rats (SHRSP) as compared with Wistar-Kyoto (WKY) rats. In this study, we addressed two related questions: 1) Can the greater intralymphocytic calcium concentration of the SHRSP account for the greater net potassium efflux? 2) Is the calcium sensitivity of calcium-activated potassium channels in lymphocytes from SHRSP different as compared with that of those from WKY rats? Ionomycin, a calcium lonophore, caused a concentrationdependent and proportional increase in net potassium efflux and intraeellular free calcium concentration in lymphocytes from both strains of rat. Based on the relations between net potassium efflux and intraeellular free calcium concentration established with ionomycin, the resting net potassium efflux of lymphocytes from SHRSP is greater than would be predicted based on the resting intraeellular free calcium concentration. Using the patch clamp technique, we were able to identify and characterize a calcium-activated potassium channel in the plasma membrane of lymphocytes from both strains of rat. Potassium currents were recorded that had a slope conductance of 18.1±1.49, n=6, and 18.5±1.44, /i=7, in WKY rat and SHRSP thymocytes, respectively. The channel exhibited rectification of the outward current in both strains of rat. Channels tended to appear in clusters of two or more per patch and were recorded in 30-50% of the patches examined. Calcium sensitivity of the channels was similar; maximum activation occurred at 700 nM free calcium concentration. These observations suggest that calcium-activated potassium efflux cannot entirely account for the greater net potassium efflux in lymphocytes from SHRSP and that there is no intrinsic difference between the calcium sensitivity of calcium-activated potassium channels in lymphocytes from SHRSP as compared with those from WKY rats. (Hypertension 1990;15(suppl I):I-97-I-101) H ypertension is associated with altered membrane handling of the major cations, sodium, potassium, and calcium. 1 Both active and passive transport processes have been shown to differ in the cells from hypertensive humans and animals as compared with those from normotensive controls. 2 We have found that net passive efflux of potassium in lymphocytes from spontaneously hypertensive stroke-prone rats (SHRSP) was greater than in those from WistarKyoto (WKY) rats.
these traits suggested that a genetically determined alteration of a potassium channel protein might be associated with the genetic mechanism responsible for the arterial pressure elevation. Although a genetically determined abnormal potassium channel protein might be responsible for the observed elevation in net potassium efflux in lymphocytes from SHRSP, our finding that intraeellular free calcium is higher in the lymphocytes from the SHRSP as compared with those from WKY rats raised the possibility that the increased potassium efflux might be the result of the action of the higher intracellular free calcium on calcium-activated potassium channels. 5 -6 In this case, the primary defect responsible for the elevated potassium efflux could be an increase in membrane permeability to calcium.
In this study, we addressed two related questions. 1) Can the greater intralymphocytic calcium concentration of the SHRSP account for the greater net potassium efflux? 2) Is the calcium sensitivity of Supplement I Hypertension Vol 15, No 2, February 1990 calcium-activated potassium channels in lymphocytes from SHRSP altered as compared with that of those from WKY rats?
Methods

Experimental Animals
Male and female SHRSP and WKY rats used in this study were obtained from our colonies, which had been started 6 years earlier from breeders obtained from the National Institutes of Health. All rats used were 4-6 months old and weighed 200-400 g.
Peripheral Lymphocyte Isolation
Relatively pure (80-90%) populations of lymphocytes from whole blood were isolated by differential centrifugation on a Ficoll-Hypaque density gradient, as previously described. 3 Net potassium efflux was determined by measuring the change in potassium concentration in the external medium resulting from incubation of the lymphocytes in RPMI 1640, a cell culture medium containing essential ions, amino acids, and cofactors (Sigma Chemical Co., St. Louis, Missouri) containing 1 mM ouabain at 25° C for 1 hour. Potassium was measured with a flame photometer (IL 400, Instrumentation Laboratories, Lexington, Massachusetts). Results are expressed in millimoles per kilogram of dry weight per hour.
Intracelkdar Free Calcium Concentration
Lymphocyte calcium was measured with the intracellular fluorescent indicator fura-2 (Calbiochem, La Jolla, California) with the procedure normally used with quin-2, that is, single-wavelength excitation. 5 Briefly, lymphocytes were loaded with the acetoxymethyl ether of fura-2 during a 1-hour incubation in a physiological salt solution (mM): NaCl 140, KC1 4, MgSO 4 1.19, morpholinopropane sulfonic acid 2.0, CaCl 2 1.0, brought to pH 7.4 with Q.\N NaOH containing 5 /uM of the fluorescent dye. At the end of the incubation period, the cells were resuspended in fresh salt solution. Fluorescence was measured with a Perkin-Elmer 650-10S spectrofluorometer (Perkin-Elmer Corp., Norwalk, Connecticut). The excitation wavelength was 340 nm and emission was measured at 505 nm. The fluorescence signal was calibrated according to the following equation: [Ca 2+ ]=AT d -R-R miD /R m «-R, where K^ is the dissociation constant of fura-2, 224 nM, R is the fluorescence signal, R^ is the minimum fluorescence in the presence of 1 mM MnCl 2 , and Rna* is the maximum fluorescence in the presence of 6 /iM ionomycin.
Electrophysiological Measurements
Thymus-derived lymphocytes (thymocytes) were used for these experiments to eliminate the possibility of patching the odd nonlymphocyte blood cell present in the peripherally derived lymphocyte preparation. Thymocytes were isolated by removing, mincing, and titurating the thymus gland, and then filtering the suspension through gauze.
Single-channel currents were measured with standard patch clamp technique. A Dagan 8900 Patch Clamp/Whole Cell Clamp (Dagan Corp., Minneapolis, Minnesota) was used to voltage clamp membrane patches in the inside-out configuration. Data were digitized with a modified digital audio processor (Sony PCM-710ES, Medical Systems Corp., Greenvale, New York) and recorded on videocassette tape for analysis at a later time. Electrodes were prepared from borosilicate glass (Kimble R-6, Richland Glass, Richland, New Jersey).
The pipette-filling solution always contained (mM): KC1 145, HEPES (Af- [2-hydroxyethyl] piperazine-W-^-ethanesulfonic acid]) 10, CaCl 2 1, glucose 10, and KOH to bring pH to 7.4. In the bath, a calcium-buffered solution was used that contained (mM): KC1 113, EGTA 2.02, K 2 PIPES (Piperazine-AW-to[2-ethanesulfonic acid) 20.2; pH 7.0. Sufficient CaCl 2 was added to yield calculated free calcium concentrations of 100-1,000 nM as described by Chang et al. 7 Computer analysis of single-channel records was performed on an IBM AT or Multitech 900 with PCLAMP software (Axon Instruments, Burlingame, California) and auxiliary programs designed to read PCLAMP files. The auxiliary programs were used to calculate mean current from single-channel records. 8 Mean current was defined as the total charge carried through the channels in the patch divided by the total time of the current record. Segments of data files containing digitized current records were identified that represented closed channel baseline. Mean current was then defined as the mean deviation from the defined baseline over the course of the record. Appropriate scaling factors were used to express the mean current in picoamperes. This analysis can be applied to any patch in which a stable closed current baseline can be identified and, therefore, be used to analyze records containing more than one active channel and other current records for which an idealized record cannot be easily constructed.
Statistical analysis. Analysis of variance was used to test for differences among groups of means. Scheffe's multiple comparisons procedure was used to test for differences between any two means within a group. Differences were considered significant at/j values of 0.05 or less.
Results
Under control conditions (25° C and in the presence of 1 mM ouabain) net potassium efflux is greater in lymphocytes from SHRSP lymphocytes than in those from WKY rats ( Figure IB) . Quinidine (5 mM), a relatively specific blocker of calcium-activated potassium channels, eliminated this difference.
Ionomycin and in net potassium efflux in lymphocytes from both strains of rats (Figure 1 ). In the presence of 0.06 /JM ionomycin, the percentage of change in net potassium efflux was approximately equal to the percentage of change in intracellular free calcium concentration. The percentage of change in both parameters in lymphocytes from SHRSP, however, was less than in lymphocytes from WKY rats. This difference might reflect the higher control values of these parameters in lymphocytes from SHRSP as compared with those from WKY rats.
Using the patch clamp technique and under the conditions previously described, we were able to identify and characterize a calcium-activated potassium channel in the plasma membrane of lymphocytes from both strains of rat. Potassium currents were recorded that had a slope conductance (picoSiemen [pS]) of 18.1±1.49, n=6, and 18.5 + 1.44, n=l, in SHRSP and WKY rat thymocytes, respectively. The channel exhibited rectification of the outward current in both strains of rats. Channels tended to appear in clusters of two or more per patch and were recorded in 30-50% of the patches examined. Calcium sensitivity of the channels was similar; maximum activation occurred at 700 nM free calcium concentration (Figure 2) . Activity of the channel declined in the presence of 1 jiM free
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Graphs showing calcium activation curves for calcium-activated potassium channel in inside-out membrane patches of lymphocytes from Wistar-Kyoto (WKY) rats and spontaneously hypertensive stroke-prone rats (SHRSP). Sample size is six animals.
calcium concentration. Channel inactivation occurred within several minutes in the presence of 1 mM calcium.
Occasionally, we observed another potassium channel, either alone or with the other channel, with a slope conductance of about 8-10 pS. Its gating characteristics and calcium sensitivity were identical to the larger channel. We could not determine, however, whether this is another distinct calcium-activated potassium channel or if it merely represents a long lasting subconductance state of the larger channel.
Discussion
We have observed the following: 1) Net potassium efflux is greater in lymphocytes from SHRSP than in those from WKY rats. We have assumed that this difference is because of a greater passive membrane permeability of the lymphocyte from the SHRSP as compared with that of the WKY rats. The assumption is based on previous studies in which we observed a similar difference in net potassium efflux at 4° C. 3 At this temperature, the influence of other transport systems would be negligible.
2) The calcium ionophore ionomycin can elicit an increase in net potassium efflux in lymphocytes from SHRSP and WKY rats. 3) This increase is proportional to the increase in intracellular free calcium concentration caused by ionomycin. 4) There are calcium-activated potassium channels in lymphocytes that are activated by free calcium concentrations in the range induced by ionomycin. 5) The calcium activation curves for this channel were not different for the two strains of rats.
These observations suggest that there is no intrinsic alteration of the calcium sensitivity of calciumactivated potassium channels in lymphocytes from SHRSP as compared with those from WKY rats. Schlichter and Mahaut-Smith 9 characterized two calcium-activated potassium channels in rat thymocytes with conductances and calcium sensitivities similar to those reported here.
The results of this study give insight into whether the greater resting intracellular free calcium concentration of lymphocytes from SHRSP can account for the greater net potassium efflux of these cells.
In WKY rat lymphocytes, the 91.6% increase in intracellular free calcium concentration elicited by 0.06 /xM ionomycin was associated with a 94% increase in net potassium efflux (Figure 2 ). The percentage of increase in net potassium efflux appears to equal the percentage of increase in intracellular calcium concentration. The lack of direct proportionality at 0.6 jiM ionomycin might be due to the kinetic limitations of potassium channels, that is, there is an upper limit to the rate of passage of potassium ions. When a comparison is made, however, of these two parameters in resting lymphocytes (i.e., no ionomycin present) from WKY rats and SHRSP, then the differences in free calcium and net potassium efflux are not parallel. Under resting conditions (first pair of columns, Figure 1 ), intracellular free calcium concentration in lymphocytes from SHRSP is 52% greater than in those from WKY rats ([175 nM-116 nM]/116 nMxlOO), whereas net potassium efflux is 67.6% greater ([51. .9]/[30.9 mmol/kg dry wt/ hrxlOO]).
The discrepancy between intracellular free calcium concentration and net potassium efflux in lymphocytes from SHRSP is also apparent based on the calcium activation curve of the calciumactivated potassium channel. Assuming that the increase over the control value (first column, Figure  IB ) of net potassium efflux elicited by 0.6 ionomycin (103.5-30.9=72.6 mmol/kg dry wt/hr; WKY rats) is the result of maximum activation of the calcium-activated potassium channel (corresponding to the difference between 100 and 700 nM on the calcium activation curve) (Figure 3) , then the difference in resting intracellular free calcium concentration between WKY rat and SHRSP lymphocytes (116 vs. 175 nM) could be expected to produce an increase in net potassium efflux that is approximately 20% (from ordinate of Figure 3 , WKY rats) of the maximum or 14.5 mmol/kg dry wt/hr (0.2x72.6). The observed difference in net potassium efflux between the resting lymphocytes from SHRSP and WKY rats was 20.9 mmol/kg dry wt/hr (51.8-30.9), again greater than the expected value.
The discrepancies revealed by these calculations suggest that some factor other than intracellular free calcium concentration is contributing to the greater net potassium efflux that we observe in lymphocytes from SHRSP as compared with those from WKY rats. We postulate that the greater net potassium efflux is because of the increased membrane permeability to ions caused by a decrease in the calcium-binding capacity of cell membranes from SHRSP as compared with those from WKY rats. 10 In a previous study, we observed increased net flux of sodium and potassium in lymphocytes from both WKY rats and SHRSP when extracellular calcium concentration was decreased. 5 At any one calcium concentration, however, ion flux was greater in the lymphocytes from the SHRSP. Jones and Hart 11 reported a similar relation between extracellular calcium concentration and potassium flux in vascular smooth muscle from normal and deoxycorticosterone acetate-hypertensive rats. Webb and Bohr 12 suggest that, in hypertension, the increased membrane permeability to ions, especially calcium, is responsible for the increased responsiveness to agonists of vascular smooth muscle. Furthermore, Bohr et al 13 postulate that a decrease in membrane binding of calcium perhaps because of a reduction in membrane calciumbinding protein, is the primary cell membrane defect in the pathogenesis of hypertension.
The analysis of the results of this study suggest the following answers to the questions posed in the introduction: 1) The greater intralymphocytic free calcium concentration of the SHRSP does not completely account for the greater net potassium efflux.
2) The calcium sensitivity of calciumactivated potassium channels in lymphocytes from SHRSP is not different as compared with those from WKY rats.
